INTRODUCTION
You have probably encountered a system known as an "electric eye," which senses light from an artificial source or the sun. This information is used to open doors, count pedestrian or auto traffic, turn on lights at sunset, read holes in punched ca~, and for a host of other applications. Most of these devices are based on the photoelectric effect, which is the light-induced emission of electrons from atoms.
The photoelectric effect completely baffled physicists at the time of its discovery. Einstein's explanation of this process, which won the Nobel Prize in 1921, was a major part of the twentieth-century revolution in physics known as the quantum theory. In this module we shall study the photoelectric and Compton effects, the processes that clearly demonstrate that the energy and momentum in electromagnetic waves are transferred as discrete entities called photons.
PRER£QUISlTES
Before you begin this module, you should be able to: *Find wavelength, given wave speed and frequency (needed for Objectives 1 through 3 of this module) *Solve problems using conservation of energy (needed for Objective 2 of this module) *Solve problems involving elastic collisions (needed for Objective 3 of this module) *Relate the wavelength of electromagnetic waves to the type of radiation, and relate energy flux to energy density in the wave (needed for Objectives 1 through 3 of this module)
LEARNING OBJECTIVES

Location of Prerequisite Content
Traveling Waves Module
Conservation of Energy Module Co 11 i s ions Module
Maxwell's Predictions Module
After you have mastered the content of this module, you will be able to:
1. Quantum relations -Use the Planck-Einstein-de Broglie relations to relate the energy or momentum of a photon to the frequency or wavelength of the associated electromagnetic wave.
2. Photoelectric effect -Use conservation of energy and the quantum relations to solve problems involving photoelectric emission of electrons from metals. The relevant physical quantities are the frequency of the light, the work functinn of the metal, and the maximum kinetic energy of the emitted electrons.
~.
C~pton effect -Use conservation of energy and momentum as expressed by the Compton formula to calculate the energy or momentum of the outgoing particles 1n the collision of a photon with an electron at rest.
GENERAL COMMENTS
At the beginning of the twentieth century, there was a growing number of phenomena for which there was no description consistent with the physics we have studied in the preceding modules. A modification of classical physics was in order. The ideas we discuss here were developed in the first years of this century by Planck, Einstein, and de Broglie as each tried to understand these new phenomena. Their conclusions can be summarized as follows:
All energy propagates as waves. When energy or momentum is transferred between the wave and a source or absorber, the energy E and momentum p are in discrete amounts related to the frequency f and wavelength A by the relations E = hf and p = h/A -34
where Planck's constant h = 6.63 x 10 J s. These discrete amounts of energy and momentum are called guanta; the quantum of electromagnetic radiation is called a photon. When the frequency is low and the number of photons involved very large, we use the language of classical waves. If the number of photons is small, like one, then we use the language of particle mechanics to describe the process.
The experiments that most clearly demonstrate the existence of photons are the photoelectric effect and the Compton effect. In the photoelectric effect, light incident on an atom or group of atoms may result in the ejection of an electron. The relation between the kinetic energy of the electron and the frequency of the incident light is found to be hf = ~ + E, which is just the conservation of energy. The energy of the absorbed photon, hf, is equal to ~ (work function or ionization energy, the energy needed to remove an electron from an atom), plus E, the kinetic energy of the ejected electron. For single atoms, the kinetic energy given above is the energy of the ejected electron. For a solid, it is an upper bound, since the electron may lose some of its kinetic energy to other atoms as it leaves the solid. ~ is typically of the order of 1.60 x 10-19 J, also known as an electron volt.
The Compton effect is the elastic scattering of a photon from an electron at rest. Since the photon transfers some of its energy and momentum to the electron in the collision, energy and momentum conservation together with the quantum relations require that the wave frequency must decrease and the wavelength must increase. The increase of wavelength for scattering of the photon through an angle e from an electron of mass m is A~ -A = (h/mc)(l -cos e). Notice that for e = 0 (no scattering) the photon wavelength is unchanged. As e increases, more energy is transferred to the electron, thus energy conservation requires a larger increase in photon wavelength; when the photon bounces straight back, the wavelength change is 2h/mc = 4.85 x 10-12 m. It follows that the wavelength shift is easily observed only for x rays (short wavelength, high photon energy) incident on electrons. Since there are no targets consisting of free electrons at rest, Compton-effect experiments are usually done by scattering from electrons found in atoms. In this case, a correction, usually negligible, must be made for the binding energy. Objective 1 is introduced in the context of discussing Objectives 2 and 3. As you read the suggested pages for each objective, work through the Illustrations. Then study Problems A, B, and C, and work the Assigned Problems. This should give you enough practice to understand the objectives and to work the Practice Test. scatterlng angle e of the photon? h = 6.63 x 10 J s; me = 9.11 x 10 kg.
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(a) What is the work function of the metal?
(b) What is the longest wavelength that would produce emitted electrons?
2. A photon is scattered backwards (e = 180°) from an electron at rest. The electron recoils with a kinetic energy of 10 5 eV (1.6 x 10-14 J)(h = 6.63 x 10-34 J; me = 9.11 x 10-31 kg). 
